Short-term cultured suspension cells of rice (Oryza sativa L.) are capable of regeneration, but not in long-term culture. For clarification of the mechanism of regeneration, protein phosphorylation in short-term and long-term cultured suspension cells was compared by two dimensional-polyacrylamide gel electrophoresis. A 56 kDa protein having an isoelectric point of 4.5 was phosphorylated in vitro in short-term cultured suspension cells, but was not phosphorylated after regeneration. This protein in longterm cultured suspension cells remained phosphorylated after transfer to the regeneration medium. However, using an antibody raised against this protein from short-term cultured suspension cells, it was always detected in long-term and short-term cultured suspension cells after transfer to the regeneration medium. The partial amino acid sequence of the HPLC-purified protein showed homology to a calcium-binding protein from maize. The phosphorylation of the 56 kDa protein (pp56) appears to be associated with the regeneration of cultured rice cells.
Plant cultured cells are useful for transformation and recombination for crop improvement. The capacity for regeneration is thus essential for plant cultured cells. Shortterm cultured cells of rice can regenerate, but to a lesser extent in long-term cultures (Inoue and Maeda 1980) . The decrease of regeneration from long-term cultured cells is thought to be due to changes in enzyme activities Futsuhara 1986, 1989) .
The reversible phosphorylation of serine, threonine and tyrosine residues in proteins is essential to eukaryotic cell regulatory systems (Berridge 1987) . In plant cells, protein phosphorylation is a well-known phenomenon (Ranjeva and Boudet 1987) . However, there is still little information about protein kinases in plant cells. In particular, physiological roles of these protein kinases and identity of their specific phosphate acceptors during relevant biologiAbbreviations: 2D-PAGE, two dimensional-polyacrylamide gel electrophoresis; CBB, Coomassie Brilliant blue; PVDF, polyvinylidene difluoride; PMSF, phenylmethylsulfonyl fluoride; PBS, phosphate buffered saline. cal events in plant cells are unclear.
For clarification of the mechanisms of regeneration, we compared protein phosphorylation in short-term and long-term cultured suspension cells by two dimensionalpolyacrylamide gel electrophoresis (2D-PAGE). The phosphorylation of a protein (pp56) with a relative molecular mass of 56 kDa and an isoelectric point of 4.5 was shown to be related to regeneration of rice cultured cells. pp56 was identified as a unique phosphorylated protein on 2D-PAGE gels, purified by reverse phase HPLC, sequenced from the N-terminus, and shown to have homology to a calcium binding protein of maize.
Materials and Methods
Plant materials-Rice (Oryza sativa L. cv. Nipponbare) was used in this study. Mature rice seeds were hushed, sterilized with 70% ethanol for 5 min and 1% NaCIO for 30 min. The seeds were washed with sterile water and allowed to germinate on agar plate of MS medium (Abe et al. 1994 ) supplemented 2 mg liter" 1 2,4-dichlorophenoxyacetic acid (2,4-D) in an incubator at 25°C in darkness. After cells were prolifered for about 1 month, they were subcultured in N6 medium (Murashige and Skoog 1962) supplemented 1 mg liter" 1 2,4-D for suspension culture. The cultured cells were subcultured once every two weeks. Cultured cells were spread on N6 agar medium containing 0.01 mg liter" 1 naphthaleneacetic acid, 0.1 mg liter" 1 6-benzyladenine, 4% sucrose and 1% agarose to examine the regeneration potential of cells.
Preparation of protein extract-A portion (500 mg) of the cultured cells was removed, washed with phosphate buffered saline (PBS) and homogenized with 1 ml extraction buffer containing 50 mM Tris-HCl, pH7.4, 150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, 1 mM EDTA, 5 ^M sodium orthovanadate, 1 mM phenylmethylsulfonyl fluoride (PMSF). The homogenate was centrifuged at 15,000 rpm for 5 min in a TMA-4 rotor (Tomy, Tokyo). The supernatant was used as rice protein extracts.
In vitro phosphorylation assay-In vitro phosphorylation assay was carried out in 40^/1 reaction mixture containing 20 mM Tris-HCl, pH7.5, 10 mM MgCl 2> 0.2 mM CaCl 2 , 39^M [y-32 P]-ATP (11.1 GBqmmol" 1 , Amersham, Buckingamshire) and 5 fi\ of rice protein extracts as described by Komatsu and Hirano (1993) . The reaction mixture was incubated for 10 min at 30°C and terminated by cooling to 0°C. After in vitro phosphorylation, lysis buffer containing 8 M urea, 2% Triton X-100, 2% ampholine (pi 3.5-10), 10% polyvinylpyrrolidone-40 was added to the sample followed by 2D-PAGE. The sample was separated in the first dimension by isoelectric focusing, and in the second dimension by SDS-PAGE using 15% polyacrylamide gels (10 cm x 14 cm). The gels were stained using Coomassie Brilliant blue (CBB), dried and exposed for 3 days at -80°C to X-ray film. Total protein concentration in the rice protein extracts was assayed using a protein assay kit (Sigma, St. Louis).
In vivo phosphorylation assay-Callus suspensions were prepared as described above and 1 ml suspension cultured cells were incubated in the presence of 111 MBq ml"' [ 32 P]orthophosphate (Amersham) for 1 h at 25°C. The radiolabeled callus pellets were washed three times with PBS and extracted on ice in 500//I of extraction buffer. After centrifugation at 15,000 rpm for 10 min in a TMA-4 rotor (Tomy), 20^1 of callus extract was collected, an equal of lysis buffer was added, and the sample was analyzed by 2D-PAGE.
Isolation of pp56-Rice pp56 were separated by 2D-PAGE and stained with CBB. Gel pieces containing the protein were removed and the protein electroeluted from the gel pieces using an Electrophoretic Concentrator (M1759, ISCO, Lincoln) at 2 W constant power for 2 h. After electroelution, the protein solution was dialyzed against deionized water for 2 days and dried. The collected protein was separated on a reverse-phase column (Wakosil-II 5C18 AR, 4.6x250 mm, Wako, Osaka) using a linear acetonitrile gradient (0-80%, 80 min, 4.0 ml min" 1 ) in 0.1% aqueous trifluoroacetic acid. The protein eluted at an acetonitrile concentration of about 50%.
N-terminal and internal amino acid sequence analysis-Proteins were dissolved in 20 ftl of SDS sample buffer (pH 6.8) and overlaid with 20 fi\ of a solution containing a 10 /YI of Staphylococcus aureus V8 protease (Pierce, Rockford) (0.1 /ig j/l~') in deionized water and 10//1 of SDS sample buffer (pH 6.8) containing 0.001% Bromophenol Blue. Electrophoresis was performed until the sample was stacked in the upper gel and interrupted for 30 min to digest the protein (Cleveland et al. 1977) . Electrophoresis was then continued and the separated digest was electroblotted onto the polyvinylidene difluoride (PVDF) membrane (Applied Biosystems (ABI), Foster City), dried and subjected to gas-phase sequencing (ABI477A and 473A). Edman degradation was performed according to the standard ABI program.
Preparation of polyclonal antibody and immunoblot-Rice phosphoprotein was separated by 2D-PAGE and electroeluted. The protein solution was then dialyzed against deionized water for 2 days and dried. Using this protein, an antibody against phosphoprotein was raised in adult rabbit (Bailey 1985) . For immunoblot, extracted proteins were separated by SDS-PAGE or 2D-PAGE and electroblotted onto a PVDF membrane. The blotted band or spot which cross-reacted with antibodies raised against phosphoprotein was detected by peroxidase enzyme immunoassay (Komatsu and Hirano 1992) .
Immunoprecipitation of pp56-After in vitro phosphorylation, the reaction mixture containing 20 ng of protein was brought to 5% non-fat dry milk and 0.1% SDS in 200^1 final volume while maintaining the composition of Buffer A (1% Triton X-100, 0.15 M NaCI, 5mM EDTA, 50 mM HEPES, pH 7.5, 0.5mgmr' bovine serum albumin, 0.5 M NaF, 0.1 M pyrophosphate, 30 mM EGTA, 10 mM sodium vanadate, 1 mM DTT, 1 mM PMSF, and lO^/gml" 1 each of aprotinin, leupeptin, and pepstatin). To remove proteins that bind to protein A-Sepharose beads, 30n\ of protein A-Sepharose saturated with Buffer A was added and incubated for 30 min at 4°C. After pelleting the protein A-Sepharose beads, the supernatant was transferred to a fresh tube. Ten /A of anti-pp56 antibody were added, and the mixture was incubated for 1 h at 4°C, then centrifuged for 10 min. The supernatant was transferred to a fresh tube and incubated with 50 fi\ of protein ASepharose for 1 h at 4°C followed by centrifugation for 2 min. The protein A-Sepharose pellets were washed three times with Buffer A containing 0.1% SDS. And then 32 P-incorpolation was measured.
Results and Discussion
Short-term cultured suspension cells (2-6 weeks callus after culture) of rice have the ability for regeneration (Fig. ID, E, F ), yet this regeneration ability disappears in long-term culture (52-56 weeks callus after culture) (Fig. 1A, B, C) . Inoue et al. (1980) reported short-term cultured cells of rice have the ability for regeneration, but the regeneration potency of rice callus is decreased by longterm culture. The decrease of regeneration from calli is thought to be influenced by enzyme activities Futsuhara 1986, 1989) . In this study, protein phosphorylation was observed in some enzymes, possibly protein kinases, in long-and short-term cultured suspension cells of rice callus.
The phosphorylation of substrates by protein kinases was examined in vitro. Cultured suspension cell proteins were treated with a reaction mixture containing [y-32 P]ATP and the proteins were separated by 2D-PAGE. A protein having a relative molecular mass of 56 kDa and isoelectric point of 4.5 (pp56) in the short-term cultured cell of 1 day after transfer was phosphorylated in vitro ( Fig. 2D) but cultured cell of 2 days after transfer has already not phosphorylated (data not shown) and then was not phosphorylated after regeneration (Fig. 2E, F) . Phosphorylation activity of pp56 in the long-term culture cells ( Fig. 2A , B, C) was observed. In addition, when the short-term culture cells were cultured in presence of [ 32 P]orthophosphate, this protein was specifically phosphorylated (Fig. 3B) . The pp56 in short-term cultured cells was separated by 2D-PAGE and electroeluted. Using this protein, an antibody against pp56 could be raised in adult rabbit. The phosphorylated pp56 on the PVDF membrane was cross-reacted with the antiserum raised against the pp56 (Fig. 3C) . After in vitro phosphorylation, pp56 was precipitated using anti-pp56 antibody. The incorporation of 32 P was observed in the precipitate (Fig. 4) . These experiments confirmed that the pp56 is a phosphoprotein. The phosphorylation of this protein, which has shown to be significantly phosphorylated in intact cells, was confirmed by an in vitro phosphorylation study.
With the anti-pp56 antibody, this protein was shown present following transfer to the medium for regeneration (Fig. 5B) . The pp56 was phosphorylated in short-term cultured suspension cells and was not phosphorylated after regeneration. In long-term cultured suspension cells, it was phosphorylated after transfer to the medium for regeneration. By an antibody raised agaist pp56 in short-term cultured suspension cells, this protein was detected in both long-term suspension and short-term cultured cells after transfer to the medium for regeneration.
Rice proteins were separated by 2D-PAGE and pp56 was obtained by electroelution. The pp56 was separated on a reverse-phase HPLC column with a 0-80% acetonitrile P-labeled proteins were immunoprecipitated with anti-pp56 antibody as described under "Materials and Methods". The incorporation of 32 P in the precipitate was determined. C: preimmune-serum, R: anti-pp56 antibody. The experiments were performed three times. acid sequence of this protein were determined. Proteins separated by 2D-PAGE were electroblotted from gels onto PVDF membranes, visualized by CBB staining, and se- The protein was chromatographed on a reverse-phase column in a solvent system of 0-80% acetonitrile in 0.1% trifluoroacetic acid. The flow rate was 4.0 ml min~'. Arrow indicates a peak corresponding to the phosphoprotein.
quenced directly on a gas-phase protein sequencer. The Cleveland mapping technique (Cleveland et al. 1977) was carried out to determine the amino-acid sequences of the internal regions of the protein.
The results were compared with those of the PIR database. The partial amino acid sequences of pp56 were homologous to those of calcium-binding protein of maize (Accession No. S49818) (Fig. 7) . The functions of this maize calcium-binding protein have not been elucidated. In higher plants, as in other eukaryotes, calcium is important as a second messenger and may possibly be involved in cell elongation and division, protoplasmic streaming and hormone action (Helper and Wayne 1985, Carofori 1987) .
In mammalian cells, two classes of calcium-dependent protein kinases have been observed: calcium/calmodulindependent and calcium/phospholipid-dependent protein kinases (Cohen 1985 , Nairn et al. 1985 , Nishizuka 1986 ). The members of these two classes of protein kinases are not active in the presence of calcium alone, but require effector molecules, either calmodulin or phospholipid, in addition to calcium for activation (Nairn et al. 1985 , Nishizuka 1988 . In plants, calcium/calmodulin-dependent protein kinase (Harper et al. 1991) , calcium/lipid-dependent protein kinase (Schaller et al. 1992 ) and calcium-dependent protein kinase (CDPK) (Putnam-Evans et al. 1990 ) are commonly present.
Changes in calcium, whether early or late in transduction, are likely to have a profound effect on cellular functions. However, there is still little information about protein kinases in plant cells. In particular, physiological roles of these protein kinases and identity of their specific phosphate acceptors during relevant biological events in plant cells remain to be determined. The phosphorylation of pp56 may have a significant role in the regeneration of rice cultured cells. 
